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ABSTRACT The 4.6-kb region 5'-upstream from the gene
encoding a cobalt-containing and amide-induced high molec-
ular mass-nitrile hydratase (H-NHase) from Rhodococcus
rhodochrous J1 was found to be required for the expression of
the H-NHase gene with a host-vector system in a Rhodococcus
strain. Sequence analysis has revealed that there are at least
five open reading frames (H-ORF1~5) in addition to H-
NHase a- and B-subunit genes. Deletion of H-ORF1 and
H-ORF?2 resulted in decrease of NHase activity, suggesting a
positive regulatory role of both ORFs in the expression of the
H-NHase gene. H-ORF1 showed significant similarity to a
regulatory protein, AmiC, which is involved in regulation of
amidase expression by binding an inducer amide in Pseudo-
monas aeruginosa. H-ORF4, which has been found to be
uninvolved in regulation of H-NHase expression by enzyme
assay for its deletion transformant and Northern blot analysis
for R. rhodochrous J1, showed high similarity to transposases
from insertion sequences of several bacteria. Determination of
H-NHase activity and H-NHase mRNA levels in R. rhodochrous
J1 has indicated that the expression of the H-NHase gene is
regulated by an amide at the transcriptional level. These
findings suggest the participation of H-ORF4 (IS1164) in the
organization of the H-NHase gene cluster and the involvement
of H-ORF1 in unusual induction mechanism, in which H-
NHase is formed by amides (the products in the NHase
reaction), but not by nitriles (the substrates).

Nitrile compounds containing a cyano functional group such
as cyanoglycosides, cyanolipids, indole-3-acetonitrile and
B-cyano-L-alanine are formed by a wide range of plants (1).
We have been studying microbial degradation of highly toxic
nitriles (2) and found that their degradation can proceed
through two enzymatic pathways; nitrile hydratase (NHase;
EC 4.2.1.84) catalyzes the hydration of a nitrile to the corre-
sponding amide which is then converted to the acid plus
ammonia by amidase (3), while nitrilase catalyzes the direct
hydrolysis of a nitrile to the corresponding acid plus ammonia
(4). Interest in both nitrile-converting enzymes has increas-
ingly focused on their versatile functions: biosynthesis of the
plant hormone indole-3-acetic acid from indole-3-acetonitrile
(5-9) and enzymatic production of useful compounds from
nitriles (2).

In microorganisms that catabolyze nitriles by NHase, an
interesting phenomenon is found; this enzyme, if inducible, is
generally induced by amides (reaction products), not by nitriles
(reaction substrates) (2). Rhodococcus rhodochrous J1 pro-
duces two kinds of NHases: high- and low-molecular-mass
NHases (H-NHase and L-NHase, respectively), which exhibit
different physicochemical properties and substrate specifici-
ties. When this strain is cultured in a medium containing urea
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and cyclohexanecarboxamide in the presence of cobalt ions,
H-NHase and L-NHase are selectively induced, respectively
(2). We have cloned and sequenced both H- and L-NHase
genes from R. rhodochrous J1 (10). In each of the H- and
L-NHase genes, an open reading frame (ORF) for the B
subunit is located just upstream of that for the « subunit. This
arrangement of the coding sequences is the reverse of the order
found in the NHase genes of Rhodococcus sp. N-774 (11) and
Pseudomonas chlororaphis B23 (12).

The genus Rhodococcus, a member of the class Actinomy-
cetes (13), has recently received much attention in terms of its
high ability on biodegradation and biotransformation (14).
Rhodococcus has also been studied as a phytopathogen causing
leafy galls (fasciation) on plants (15). However, genetic infor-
mation of Rhodococcus has been extremely limited. We have
examined the expression of both H- and L-NHase genes in
Escherichia coli cells under the control of lac promoter, but the
level of NHase activity in the cell-free extracts is much lower
than those of H- and L-NHases in R. rhodochrous J1 (10),
suggesting that an uncharacterized regulatory gene would be
present in this strain. Research into the regulatory system of
Rhodococcus species has so far been hampered by the lack of
systems for genetic manipulation of Rhodococcus. In the
present study, genes required for the expression of H-NHase
have been identified by using a host-vector system in Rhodo-
coccus.* The H-NHase gene cluster was also characterized to
clarify its unusual induction mechanism in R. rhodochrous J1.

MATERIALS AND METHODS

Microbial Strains and Plasmids. R. rhodochrous J1 was
previously isolated from soil (16). E. coli IM109 (17) was the
host for pUC plasmids. R. rhodochrous ATCC12674 was the
host for a Rhodococcus-E. coli shuttle vector plasmid pK4 (18)
and its derivatives and was used for the expression of the
H-NHase gene. The plasmid pNHJ10H (10) carrying the
H-NHase gene in a 6-kb Sac I fragment on pUC19 was used
for subcloning and sequencing of genes.

Transformation of R. rhodochrous ATCC12674 by Electropo-
ration. A mid-exponential culture of R. rhodochrous ATCC12674
was centrifuged at 6500 X g for 10 min at 4°C and washed three
times with demineralized cold water. Cells were then concen-
trated 20-fold in cold water and kept on ice. Ice-cold cells (100 ul)
were mixed with 1 ug of DNA in 1 ul of TE buffer (10 mM Tris/1
mM EDTA, pH 8.0) in a 1-mm-gapped electrocuvette (Bio-Rad)
and subjected to a 2.0-kV electric pulse from a Gene Pulser
(Bio-Rad) connected to a pulse controller (25 uF capacitor;
external resistance, 400 (2). Pulsed cells were diluted immediately

Abbreviations: NHase, nitrile hydratase; H-NHase, high molecular

mass-NHase; L-NHase, low molecular mass-NHase; ORF, open read-

ing frame.

§To whom reprint requests should be addressed.

*The sequence reported in this paper has been deposited in the
GenBank/DDB]J data base (accession no. D67027).
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with 1 ml of MYP medium (18) and incubated for 2 h at 26°C.
They were then spread on MYP medium containing 75 ug
kanamycin-ml~1.

Preparation of Cell Extracts and Enzyme Assay. R. rhodo-
chrous ATCC12674 transformants were grown at 28°C for 48
h in MYP medium containing 0.001% (wt/vol) CoCl,:6H,O
supplemented with urea at several concentrations, harvested
by centrifugation at 4000 X g at 4°C, and washed twice with
0.15 M NaCl. The washed cells were suspended in 0.1 M
Hepes/KOH buffer (pH 7.2) containing 44 mM 1-butyric acid,
disrupted by sonication for 20 min (19 kHz, Insonator model
201M; Kubota, Tokyo), and centrifuged at 12,000 X g for 10
min at 4°C. The resulting supernatant was assayed for NHase
as described (10). One unit of the enzyme catalyzes the
formation of 1 umol of benzamide per min from benzonitrile
under the above conditions.

RNA Preparation. The subculture of R. rhodochrous J1 was
done as described (19), and 5 ml of the subculture was then
inoculated into a 500-ml shaking flask containing 60 ml of a
culture medium (19) with or without the following additives—
i.e., urea (0.75%, wt/vol), CoCl,*6 H,O (0.001%, wt/vol), and
incubated at 28°C for 48 h with aeration. Cells were collected
from 60 ml of such cultures by centrifugation, and total RNA
was extracted by the AGPC (acid-guanidium-phenol-chloroform)
method (20).

Northern (RNA) Blot Hybridization. For Northern blot
hybridization, each RNA sample (40 ug) was electrophoresed
on a 1% agarose-formaldehyde gel and transferred to a
nitrocellulose membrane filter (Schleicher & Schuell) in 20X
standard saline/citrate (SSC). Prehybridization and hybridiza-
tion were done at 42°C in a solution consisting of 40%
formamide, 5X SSC, 0.1% SDS, and 100 pg of sonicated
salmon sperm DNA per ml. The DNA fragments used as
probes were radiolabeled with a multiprime DNA-labeling
system (Amersham). Filters were washed twice at room tem-
perature in 40% formamide/5X SSC/0.1% SDS and then
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washed three times at room temperature in 2X SSC solution/
0.1% SDS.

RESULTS

Expression of the H-NHase Gene in R. rhodochrous
ATCC12674. R. rhodochrous ATCC12674 harboring a plasmid
containing a 6-kb insert of pNHJ10H in the blunt-ended
EcoRIsite of pK4 showed no NHase activity (data not shown).
To identify the sequence elements required for the expression
of the H-NHase gene, the upstream region was cloned by the
DNA-probing method with a SacI-EcoRI 0.37-kb fragment as
aprobe, and a plasmid pNHU10 was obtained (Fig. 1). Plasmid
pHJIK15 contained a 4.3-kb EcoRI-Xbal fragment from
pNHU10 and a 5.66-kb EcoR1I fragment from pNHJ10H in the
EcoRI-Xbal sites of the Rhodococcus-E. coli shuttle vector
pK4. Other plasmids (pHJK13, pHJK18 and pHJK19) shown
in Fig. 1 were constructed in the same manner, by inserting the
various restriction fragments from pNHU10 and the 5.66-kb
EcoRI fragment from pNHJ10H into the EcoRI-blunt-ended
Xba I sites of pK4. Plasmid pHJK11 contained only the 5.66-kb
EcoRI fragment in the EcoR1I site of pK4. These plasmids were
used to transform R. rhodochrous ATCC12674, and the result-
ing transformants were cultured in CoCl,-containing MYP
medium in the presence (0.75 g/liter or 3.75 g/liter) or absence
of urea (the best inducer of the H-NHase formation). Enzyme
assay using benzonitrile as a substrate for each cell-free extract
has revealed that, in addition to H-NHase gene itself, at least
a 4.6-kb upstream region (from the 5’ end terminus of the
H-NHase gene to Scal site) is required for the expression of
the H-NHase gene (Table 1) as in pHJK19. Nagasawa et al.
(19) have already found that urea (added to the culture
medium supplemented with cobalt ions) acts as a powerful
inducer of H-NHase formation in R. rhodochrous J1. However,
in the Rhodococcus-E. coli host-vector system used in this
experiment, H-NHase was much expressed even in the absence

5 B 3 -+ 5 . & e
A 3 323§ & L 2 E g 23 2
o Ml T
T3 F5
[ 1 — 1
probel probe2 probe3 probed
- .
B z 55 33 2z g M= =7
> s & <Z =ax & —
pNHIIOH 'F ’§ 3 R BT I J Y s
><\‘ @ £ & = ] . :
pNHU10 E ! — : P Vo :
—_— A N T s :
pHIK13 ' — : - — :
pHJK18 H : — — E
pHIK19 ' ;
pHIK11 : — — :
pHIK22 " — 't E
PHIK20 : : !
pHIK24 i : ' ' '
1kb

F1G.1. Schematic view of the 6555-bp Scal-Sacl fragment from pHJK19 (4) and construction of a set of plasmids (B). For clarity, only restriction
sites discussed in the text are shown. The probes used in the experiment are shown (boxes). Various deletion plasmids are diagrammed below the
restriction maps.



Applied Biological Sciences: Komeda et al.

Table 1. NHase activity in R. rhodochrous ATCC12674 carrying
various recombinant plasmids

NHase activity, units/mg-protein

Plasmid (0 g/ (0.75 g/1) (3.75 g/l
pK4 ND ND ND
pHIK15 7.41 113 1.86
pHIK13 8.83 102 328
pHIK18 7.49 12.9 4.44
pHIK19 9.39 102 4.88
pHIK11 1.20 021 0.22
pHIK22 9.09 17.0 NT
pHIK20 7.09 133 NT
pHIK24 1.65 1.24 NT

Urea at the concentrations in parentheses was added into the
medium, and the cultivation was done as described. ND, not detected;
NT, not tested;

of urea in the culture medium, and the presence of urea
showed slight enhancement of H-NHase formation.

H-NHase formation in the transformants was examined by
SDS/PAGE (Fig. 2). The transformant carrying pHJK19
expressed larger amounts of two proteins (26 kDa and 30 kDa),
independently of urea concentration in the culture medium,
than the transformant with pK4 or pHJK11. Both proteins
formed were found to be the « and B subunits of H-NHase,
respectively, by determination of their N-terminal amino acid
sequences on a gas-phase amino acid sequencer (Applied
Biosystems, model 470A). Expression of NHase activity shown
above depended on the addition of cobalt ions into the medium
because the transformant harboring pHJK19 cultured in the
medium without cobalt ions had no NHase activity. Moreover,
none of the E. coli IM109 harboring pK4-derivative plasmids
used in this experiment gave NHase activity, even when these
transformants were cultured in the medium supplemented
with urea and CoCl,.

Primary Structure of the Flanking Region of the H-NHase
Gene. The PstI-Sall 1.97-kb fragment containing the H-NHase

(a)
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FIG. 2. Coomassie-stained SDS/PAGE, showing hyperformation

of the H-NHase a- and B-subunit proteins in R. rhodochrous
ATCC12674 transformants.

gene was sequenced (10). We further sequenced the Scal-PstI
upstream region and Sal/l-Sacl downstream region required
for H-NHase production. Sequence analysis revealed that this
fragment consisted of 6555-bp DNA and that five ORFs
(ORF1~5) were newly found in the region in addition to the
genes encoding a and B subunits of H-NHase (Fig. 14).
H-OREF1 is 1083-nt long and would encode a protein of 361
amino acids (39155 Da). A computer-aided search for protein
homology revealed that H-ORF1 was significantly similar to
the negative regulator AmiC (21) of an aliphatic amidase gene
in Pseudomonas aeruginosa (Fig. 34). H-ORF2, which is
located in the opposite orientation to the H-NHase gene, is 447
nt long and would encode a protein of 148 amino acids (16457
Da). H-ORF2 showed a similarity of amino acid sequence with
the repressor genes marR (22) and hpcR (23) in E. coli (Fig.

H-ORF1 MPL N LPQSEPSGIF S‘ AT D E} L VTAVF VIS D P) 58
Amic MGSHQEIPL I| FSE TADIE] A NVE E PIETLS D P) 60

H-ORF1 SAVAAMI TK LDA H
Amic DRYR EBJF IRNISGVRF Y R

RIVSAIGGRIPY-V)TA GVFMT 117
AVMPVVERADALLC)4PT F NIVYG 120

H-ORF1 gxagnox LEWMTEIGVREWY PRI TVS FLASNQPSRGRS LA 177
Amic QNSAJLAAYLIRHYGERVVF ZETE S NHYMIH - - - - - - RQHGGTYLEE 174

H-ORF1 SCEFMSLGTSBHFTST MS A D
Amic IYT PSDDBLQRA ARLYY

‘I;Egmvop s F ik - IVR LM 236
GTAELYRAT PPI 234

H-ORF1 E;IMLLASGAH YS GF SRYIK TAP s p cfEGI 296
AmicC EVARMESD SSI QAC-H NA W QT 293

H-ORF1 R TLz LDPMSLS -IJRT
AmicC L R WRVEDVQ IDI

DSPRG FDG AQDM V-E@DNY 354
PQGPV RQN: RLSS IBARG ¥ 353

H-ORF1 L SHV 361
Amic R PEPIRPDPYVVVHNLDDWSASMGGGALP 385
(B)

H-ORF2 MIESEAVAEEGNVVRSPLVEGHNEE AfSRSLSH IHNVﬂDBE RND 60
MarR MRSTYDLFNEIIPLERLIH LLNEYLSPLDI CAAC 55
HpcR MHDSLTINBLQAREAAMS YFRP IfYK| LAESPSM 46
H-ORF2 PAJT DRL AA FiE Lpu RKVL.VI AsflREesansfiLL 120
MarR VDLGA M DRL xcwvg CYAAK L TTGEAAICEQCH 115
HpcR DFHDLMYRACILRES I L TME RD GV Li§#K ) RKt YISLTRECGOALYNRQTQI 106
H-ORF2 QEVEDEFMDELAIPPRMVIERT WF 148
MarR  GEDLHQELTKNLTABEVATLEYJMLKKVLP 144
HpcR EEAYRQIEAQFTAERMOO#TH FIINLGNSRQEDIPGDNE 148

Fig. 3. Alignment of the deduced amino acid sequences of the R. rhodochrous J1 H-ORF1 and H-ORF2 with the respective homologous
sequences. Identical residues are in black; dashes denote gaps introduced to maximize alignment. Abbreviations (refs.); AmiC, negative regulator
of aliphatic amidase from P. aeruginosa (21); MarR, repressor of multiple antibiotic resistant operon from E. coli (22); HpcR, repressor of

homoprotocatechuate-degradative operon from E. coli (23).
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3B). H-ORF3, which is located in the opposite orientation to
the H-NHase gene, is 402 nt long and would encode a protein
of 133 amino acids (14578 Da). H-ORF3 did not show signif-
icant similarity with any proteins in the National Biomedical
Research Foundation data base.

H-ORF4 is 1245-nt long and would encode a protein of
414-amino acids (45840 Da). A homology analysis revealed a
strong similarity between H-ORF4 and the family of trans-
posases derived from IS1081 of Mycobacterium bovis (24),
IS256 of Staphylococcus aureus (25), and ISRm3 of Rhizobium
meliloti (26) (data not shown). Especially, there is a 78.8%
match of amino acids in 413 overlapping residues between
H-ORF4 and IS1081. In the flanking region of H-ORF4, 19-bp
terminal inverted repeats with a 16-bp match are present 38 bp
upstream from the initiation codon and 9 bp downstream from
the termination codon. These findings indicate that the inser-
tion sequence, which is composed of one ORF coding for the
putative transposase and 19-bp inverted repeats, exists up-
stream from the H-NHase gene. The designation number
(IS1164) for this insertion sequence was assigned by the
Plasmid Reference Center, Stanford University. Southern blot
analysis at higher stringency using probe 3 specific for IS1164
(see Fig. 1), against the R. rhodochrous J1 total DNA digested
separately with several restriction enzymes, has suggested the
existence of two or three insertion element-like sequences,
which are homologous to 1S1164, in the R. rhodochrous J1
DNA (data not shown). Although the distance between the
TGA stop codon for H-ORF4 and the ATG start codon for the
H-NHase B subunit is 637 bp, a search of the European
Molecular Biology Laboratory and Genbank databases did not
show any sequences closely related to the 637 spacer region.

H-ORFS5 was found in the downstream region of the H-
NHase gene (start and stop codons at nt 5942 ATG and 6256
TGA, respectively) in the same orientation as the H-NHase
gene. H-ORFS5 is 315 nt long and would encode a protein of
104 amino acids (11600 Da). H-ORF5 is homologous to the
amino-terminal portion of each B subunit of H- and L-NHases
(10) (data not shown). A strong hairpin structure was observed
just downstream of the termination codon for H-ORFS and

probe1 probe2 probe3 probe4
Ll 1T ar

r

Uea + + - - 4+ + - - + 4 - - 4+ + -
Cobalt 4+ - 4+ - 4+ - %+ - % - + - + - 4 -

+0.24

FiG. 4. Northern blots of RNA from R. rhodochrous J1 cultured in
the medium in the presence (+) or in the absence (—) of urea and
CoCl; and hybridized with probes 1-4 of Fig. 1. Open arrows point to
prominent transcripts; those in probes 1, 2, and 3 regions correspond
to 1.6, 0.9, and 1.8 kb, respectively.
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may serve as a p-independent transcriptional termination
signal.

Transcript Analysis of the H-NHase Gene Cluster. H-
NHase activities in R. rhodochrous J1 cultured in the medium
with urea (7.5%, w/v) and CoCl, (0.001%, w/v), with urea and
without CoCl,, without urea and with CoCl,, and without urea
and CoCl, were 1.21, 0.006, 0.053, 0.002 (units/mg-protein),
respectively. These findings suggest that H-NHase formation is
regulated by urea and cobalt ions at the transcriptional or
translational level. As described above, the ORFs upstream the
H-NHase gene are involved in the expression of the H-NHase
gene. Therefore, four DNA fragments (Fig. 1) were used as
probes (probe 1-4) against mRNA from R. rhodochrous J1
cultured in the medium in the presence or in the absence of
urea and CoCl,, to determine whether transcription of these
ORFs and the H-NHase gene was altered by the culture
conditions.

The region corresponding to probe 1 expressed one mRNA
band, estimated at 1.6 kb, in the cells cultured in the medium
in the absence of urea (Fig. 4). In the urea-induced cells, a
mRNA band at the same size was faintly visible as well.
Because the H-NHase gene was transcribed in large amounts
(see below) in the urea-induced cells, the amount of RNA
(corresponding to the probe 1 region) in the cells is relatively
less than that in the urea-uninduced cells, suggesting that the
probe 1 region, presumably H-ORF1 region, expresses con-
stitutively. Probe 2 containing H-ORF2, H-ORF3, and part of
H-ORF1 hybridized to one major RNA band, the length of
which was estimated to be 0.9 kb, only in case of the cells
cultured in the medium supplemented with urea; the RNA
prepared from cells grown in the absence of urea did not give
the 0.9-kb band of hybridization with probe 2. No hybridization
signals with probe 3 were detected, suggesting that little or no
H-ORF4 is expressed. Probe 4 containing the H-NHase gene
and H-ORFS5 hybridized to one dense RNA band, the length
of which was estimated at 1.8 kb, when the RNA was prepared
from the urea-induced cells.

Nagasawa et al. (16) have previously reported that the
addition of cobalt ions to the culture medium is indispensable
not only for catalytic activity but also for NHase formation in
R. rhodochrous J1; and the enzyme is induced by cobalt ions.
In our study, the addition of cobalt ions to the medium is
required for the expression of H-NHase activity in the R.
rhodochrous ATCC12674 transformants. However, Northern
blot hybridization analysis has shown that the H-NHase gene
is transcribed in a large amount by urea as an inducer,
irrespective of the addition of cobalt ions to the medium. These
findings confirm the previous suggestion (10) that the expres-
sion of H-NHase activity rather than the expression of the
H-NHase gene depends on the presence of cobalt ions, and
these ions appear to play an important role in enhancing the
folding or the stabilization of the subunit polypeptides of the
enzyme.

The Need of the Three ORFs for the Expression of the
H-NHase Gene. To examine the need of H-ORF2, H-ORF3,
and H-ORF4 for the expression of the H-NHase gene, three
deletion plasmids (pHJK22, pHJK20, and pHJK24) were
constructed (Fig. 1). Enzyme assays using benzonitrile as a
substrate for each transformant revealed that H-ORF2 was
essential for the expression of the H-NHase gene, but H-ORF3
and H-ORF4 (IS1164) were not. This result can be explained
as follows. The transformants harboring pHJK22 or pHJK20,
which excludes the 284-bp Miul-Stul region corresponding to
the internal portion of H-ORF4 or the 928-bp Ncol-Stul
region covering the whole of H-ORF3 and an amino-terminal
portion of H-ORF4, respectively, exhibited NHase activity
(Table 1). On the other hand, the transformant harboring
pHIK24, which excludes the 1228-bp Acclll fragment covering
the amino-terminal 10-amino acid residues of H-ORF2, in
addition to the whole of H-ORF3 and amino-terminal portion
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of H-ORF4, significantly decreased NHase activity (Table 1).
These findings and the above experiments using pHJK11
suggest that both H-ORF1 and H-ORF?2 are positive regula-
tors involved in the expression of the H-NHase gene. The
participation of H-ORFS5 in the H-NHase gene expression
remains to be determined.

DISCUSSION

Five ORFs (H-ORF1-5) that flank the H-NHase gene in R.
rhodochrous J1 have been characterized. This gene organization
is distinct from that of each NHase gene that has already been
reported (2). Of these ORFs, H-ORF1 and H-ORF?2 are indis-
pensable for the intracellular formation of an active recombinant
H-NHase in R. rhodochrous ATCC12674, whereas H-ORF3 and
H-ORF4 (IS1164) have been found to have no influence on the
expression of the H-NHase gene. H-ORF1, which was shown to
express constitutively in R. rhodochrous J1 by Northern blot
analysis, has significant similarity of the amino acid sequence to
the negative regulator AmiC of the P. aeruginosa aliphatic
amidase, which is induced by some low-molecular-mass amides
such as acetamide and propionamide (27). Induction of the P.
aeruginosa amidase is regulated by AmiC, which is considered to
respond to the presence of amides as a sensor protein (28).

H-NHase of R. rhodochrous J1 is also induced by amide
compounds—i.e., acetamide, propionamide, acrylamide, metha-
crylamide, and urea, which are products of the nitrile hydration
reaction catalyzed by NHase. The sequence analysis and the
mapping experiment for the transcriptional initiation site of the
H-NHase gene have demonstrated that no sequence homologous
to amidase sequence exists in the upstream region of the H-
NHase gene and that the transcription initiates at 71 and 48 bp
upstream from the ATG initiation codon of the H-NHase
B-subunit gene (data not shown); the H-NHase gene and the
downstream region encoding H-ORFS5 are transcribed in a single
mRNA and are not part of a larger operon including the amidase
gene. The finding that the AmiC-homologue (H-ORF1) region is
responsible for the expression of the H-NHase gene that is not
linked to any amidase gene, is noteworthy, while similarity of the
amino acid sequence is not observed among amide-degrading
enzymes; AmiE (the Pseudomonas amidase) does not show any
similarity to amidases coupled with the P. chlororaphis B23
NHase, the Brevibacterium R312 NHase, and the R. rhodochrous
J1 L-NHase (29). Assuming that the H-ORF1 gene product, as
well as AmiC, functions as a sensor protein sensitive to amide
compounds, it is suggested that the H-ORF1 gene product will be
involved in the induction of H-NHase synthesis in some way,
leading to occurrence of unusual induction mechanism in which
NHase is formed by amides (the NHase reaction products).

Another ORF (H-ORF2) which shares a homology of amino
acid sequence with putative repressor genes, marR and ApcR,
from E. coli, is also required for the expression of the H-NHase
gene in R. rhodochrous ATCC12674 (Table 1). Both of the mar
(multiple antibiotic resistance) operon and the Apc (homopro-
tocatechuate)-degradative operon are shown to be negatively
regulated by the marR (22) and hpcR (23) gene products,
respectively. On the other hand, our findings that deletion of
the amino-terminal portion of H-ORF2 significantly decreased
NHase activity in the R. rhodochrous ATCC12674 transfor-
mant and that the transcription was stimulated by urea in the
culture medium in R. rhodochrous J1 have indicated the
necessity of H-ORF?2 as a positive regulator in the process of
H-NHase formation.

The occurrence of the insertion sequence 1S1164 in Rhodo-
coccus species is, to our knowledge, the first documented
example. While the sequences homologous to IS1164 were
observed in R. rhodochrous J1 DNA, whether 1S1164 functions
as a mobile element in R. rhodochrous J1 remains to be
determined. However, by the Southern hybridization method,
we have already found the distribution of IS/164 in some

Proc. Natl. Acad. Sci. USA 93 (1996) 4271

Rhodococcus species (unpublished results). The existence of
IS1164 upstream of the H-NHase B-subunit gene and the
existence of the transcriptional terminator located just down-
stream of H-ORFS5 support the finding in our Northern blot
analysis that the H-NHase gene and its downstream region
H-ORFS5 constitute a single transcriptional unit; both genes are
cotranscribed in a single polycistronic mRNA in the presence of
urea irrespectively of the presence of cobalt ions. This is in
contrast with the organization of gene clusters for NHases from
Rhodococcus sp. N-774 (11, 30), Rhodococcus sp. (31), Rhodo-
coccus erythropolis (32), P. chlororaphis B23 (12), and Brevibac-
terium sp. R312 (33), in which an amidase gene is located just
upstream of each NHase gene with the same orientation. In the
case of R rhodochrous J1, the putative insertion sequence
(IS1164) instead of an amidase gene is located in the upstream
region from the H-NHase gene, suggesting the rearrangement of
the H-NHase gene cluster by IS1164 in the course of evolution.

The role of nitrile-converting enzymes in biosynthesis of the
phytohormone, indole-3-acetic acid, is recently attracting in-
creasing attention. cDNAs of nitrilase, which catalyzes the
hydrolysis of indole-3-acetonitrile to indole-3-acetic acid plus
ammonia, from a plant Arabidopsis thaliana have been cloned
(6-8). We have also reported the occurrence of a biosynthetic
pathway for indole-3-acetic acid from indole-3-acetonitrile via
indole-3-acetamide by the combined action of NHase and
amidase in phytopathogenic bacteria Agrobacterium tumefa-
ciens and in leguminous bacteria Rhizobium (9). The existence
of IS1164 [homologous to the Rhizobium ISRm3, which is a
component of reiterated sequence IV of the nod megaplasmid
(26)] in the upstream region of the H-NHase gene may be
related with such biosynthesis of indole-3-acetic acid from
indole-3-acetonitrile. Studies on nitrile metabolism in Rhodo-
coccus at both protein and gene levels could provide infor-
mation about biosynthesis of indole-3-acetic acid in plant-
associated bacteria and plants and the evolutionary relation-
ships of the former to the latter organisms.

Note Added in Proof. In the future, H-ORF1, H-ORF2, H-ORF3,
H-ORF4, H-NHase B gene, H-NHase o gene, and H-ORFS5 will be
renamed as nhhC, nhhD, nhhE, nhhF, nhhB, nhhA, and nhhG,
respectively.
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to Emeritus Prof. Beppu’s group (University of Tokyo) and Mr. W.
Mizunashi for providing the Rhodococcus-E. coli host-vector. We also
thank Dr. M. Suyama for the computer search of amino acid se-
quences. This work was supported in part by a Grant-in Aid for
Scientific Research from the Ministry of Education, Science and
Culture of Japan.
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